Introduction
The nanotechnology market is predicted to increase exponentially from its current market value of $ 29 billion to $1.6 trillion by 2015 [28] . Nanoparticles (NPs) are introduced into the soil as a result of a number of human activities, which have aroused many concerns and debates regarding their fate in biological systems from the view point of their safety/toxicity [23] . However, limited studies have examined the effects of NPs on soil microorganisms and plants as a function of metal size, metal species, and plant species; thus, there is still uncertainty about the implications of their environmental release, fate, behavior, impact, biological effects, and toxicity [5] .
Recently, some studies stated the environmental risks of NPs to the soil ecosystem. The measurement of enzyme activities can potentially be used to assess the impact of NPs on the soil [19, 24] . Kim et al. [11] reported that the enzyme activities of dehydrogenase, phosphatase, and β-glucosidase were decreased in ZnO NPs. Some researchers have also investigated the influence of manufactured Ag and Cu NPs on soil microbial diversity using phospholipid fatty acid (PLFA) analysis [7, 12, 13, 29] . Additional information on the impact of NPs on the structure of microbial communities was obtained by analyzing denaturing gradient gel electrophoresis (DGGE) and terminal restriction fragment length polymorphism (T-RFLP) banding patterns and polymerase chain reaction (PCR) amplification of total soil genomic DNA using universal primers for bacteria [7, 13, 29] .
A number of critical processes in plants may be affected by the size and bioavailability of NPs in soil. Au, Si, and Cu NPs are potent root toxicants and have been shown to inhibit the growth of roots of lettuce in soil systems [23] . Lee et al. [13] investigated the phytotoxicity of ZnO NPs on seed germination and root growth of buckwheat. The seedling growth of buckwheat decreased with an increase in the concentration of ZnO NPs. Soil microorganisms and plants may serve as a potential pathway for NP transport and bioaccumulation into the food chain as an important component in the soil ecosystem [32] . The increasing entry of engineered and anthropogenic NPs into soil has raised concerns about their potential adverse effects on animal and human health [21] . A few studies have started to investigate the metal uptake of plants in NP-treated water. Metal NPs in plants have been observed for Ag and Cu [4, 17] . The metal must be transported across the root membrane in the plant in the available (soluble) form of NPs. The mechanism of transport across the root membrane depends on the species of plant involved. Although a few studies have reported on metal uptake in plants in the case of NP water treatment [4, 17] , nothing has been reported in a soil ecosystem containing NPs. We chose crop plants, Cucumis sativus and Zea mays, as the phytotoxic test plants according to the Environmental Protection Agency [31] . On the basis of our previous results, we found phytotoxicity responses at 1,000 mg/kg. (EC 50 of Cu and ZnO NPs is 1,370 and 1,560 mg/kg respectively). We hypothesized that NPs can be more toxic to both soil microbial activity and plants, compared with the toxicity of MPs, and NPs can significantly decreased metal uptake of plants.
The objectives of this study were (1) to compare the soil microbial toxicity and phytotoxicity of NPs and MPs of some metal oxides (CuO and ZnO) in the soil microcosm and (2) to assess the metal uptake rates of two plants in NPtreated soil. To accomplish this, we compared the toxic effects of nano-and micro-sized CuO and ZnO particles on soil enzyme activity, substrate utilization patterns, and plant biomass. We also investigated the uptake of Cu and Zn by C. sativus (dicot) and Z. mays (monocot).
Materials and Methods

Materials
Nanoparticles (NPs) and microparticles (MPs) were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA) and used as received. The NPs used in the study were CuO and ZnO nanosized powders, and the MPs used were CuO and ZnO micro-sized powders. The size of the CuO and ZnO NPs was 50 nm, and the surface areas of the CuO and ZnO NPs were 29 and 10.8 m 2 /g, respectively. Transmission electron microscopy (TEM; LIBRA 120, Carl Zeiss, Germany) was used to visualize particle size and shape in samples of NP suspensions prepared in an identical manner to that outlined for dynamic light scattering (DLS). Samples were prepared by depositing one drop (6 µl) of each suspension onto a carbon-coated copper specimen grid, followed by evaporation of the water under a laminar flow hood. TEM samples from aqueous medium blanks (no nanoparticles added) were included as controls.
Characterization of Soil
Natural soils were sampled from the campus of Ewha Womans University, Seoul, Korea. For characterization of the soil properties, the pH of the soil sample was measured using a pH meter (3 STAR; Thermo Fisher Scientific Inc., USA) after homogenizing the soil sample in distilled water at a 1:5 ratio (w/v). To determine the moisture content, the soil samples were oven-dried in a crucible at 105 o C for 12 h and the weight difference was measured. The organic matter content was measured using the loss-on-ignition method. The samples were heated at 600 o C in a furnace (MAS 70000; CEM, USA) for 1 h, cooled to room temperature in a desiccator, and then weighed. The soil texture was analyzed at the National Instrumentation Center for Environmental Management (NICEM; http://nicem.snu.ac.kr). The physicochemical properties of the natural soil were as follows: soil texture, loamy sand (54.1% sand, 30.9% silt, and 15.0% clay); total organic matter, 8%; total moisture content, 14.4%; pH 5.5.
Microcosm Experiment
The soils were sieved through a 2.00 mm mill. For each treatment, CuO NPs, CuO MPs, ZnO NPs, and ZnO MPs, in powder form, were added to the soil in a beaker at final concentrations of 1,000 mg/kg, respectively. The soils were thoroughly mixed to ensure uniformity using a spatula for 10 min, and then aged for 1 week. To set up a total of 24 soil microcosms, 100 g of soil containing NPs was added to 500 ml Stericup filter system jars, (Millipore, Billerica, MA, USA). A total of 45 microcosms was divided into two groups, to test microbial toxicity (a total of 15 microcosms) and phytotoxicity (a total of 30 microcosms).
Microbial Toxicity
The microcosm was divided into four groups, a total of 12 pots of CuO NPs, CuO MPs, ZnO NPs, and ZnO MPs. A control 3 set containing 100 g of soil and no NPs was also prepared. The jars were then placed in a growth room at 25 o C and subjected to a 16 h light/8 h dark cycle. The humidity in the jars was maintained by adding distilled water to the tops of the Stericup filters in order to compensate for water loss due to evaporation. After 15 days of incubation, the enzyme activity and microbial C source in the soil samples were analyzed.
Soil enzyme activities. Dehydrogenase activity was measured using the 2- [26] . Three grams of fresh soil in 2.5 ml of substrate solution was incubated for 24 h at 37 o C, after which the reaction products were detected using a spectrophotometer (DR/ 3000 Spectrophotometer; HACH, Loveland, CO, USA) at 485 nm. The activities of acid phosphatase and β-glucosidase were measured by the Tabatabai method [27] .
Substrate utilization patterns. Three grams of each soil sample was mixed with 27 ml of sterilized water and shaken for 10 min at 200 rpm. After settling for 1 h, the resulting suspension was inoculated onto Eco-plates (Biolog, Hayward, USA) and the plates were incubated at 20 o C for 10 days. Color development was measured based on absorbance at 595 nm using an automated microplate reader (Multiskan Ascent; Thermo Lab Systems, Finland). For Biolog data analysis, plates were read daily, and the average well color development (AWCD) over time for all carbon sources was calculated as a measure of total microbial activity. Data were analyzed using the following equation:
Average Well Color Development = Σ (C -R)/n C: color production within each well (OD 595nm ) R: OD value of the no-substrate control well of each plate n: number of substrate utilization (n = 31)
Phytotoxicity Test and Metal Uptake
To investigate the phytotoxicity, 2-week-old seedlings of C. sativus and Z. mays were thinned to a density of 3 per microcosm contaminated with 1,000 mg/kg of CuO and ZnO NPs. After 15 days, the plants were harvested, and seedling growth and Cu or Zn accumulation were analyzed. C. sativus and Z. mays were selected as the model plants owing to their common usage in phytotoxicity experiments by the US EPA [31] . Plant seeds (C. sativus and Z. mays) from the Korean Seed Service Center were purchased from a local store, and the germination rates were above 80%. The study was carried out in 3 sets. After the experiment was complete, all soil samples were placed in a sterile plastic bag, sealed, and stored at 4 o C for analysis. Plants were harvested from the soil and washed with distilled water to remove soil deposits. The biomass of the plants was then measured.
To determine the amounts of heavy metals, the roots and shoots were separated and oven-dried at 70 o C for 48 h. Samples of the plants were then digested in concentrated HNO 3 in a microwave digester (MDS-2000 CEM, USA). The Cu and Zn contents were determined using an atomic absorption spectrophotometer (AAS Analysis 100; Perkin Elmer, USA), which was calibrated using certified reference materials (No. 10-c Rice Flour; National Institute for Environmental Studies in Japan).
Statistical Analysis
Data were analyzed using SPSS 12.0 software for Tukey's test after 2-way analysis of variance (ANOVA). The test was carried out on the soil enzyme activity, phytotoxicity, and bioaccumulation data to determine the effects of metal size and species (between the groups). Relationships among different samples on the basis of the raw difference data were evaluated using principal component analysis (PCA).
Results
Characterization of Nano-and Micro-Scaled ZnO and CuO
The size and morphology of NPs were characterized by transmission electron microscopy (TEM; LIBRA 120, Carl Zeiss, Germany) (Fig. 1) . TEM images showed the aggregation of CuO and ZnO particles, although individual particles with a nearly spherical shape were also observed. The size of the CuO NPs was found to range from 32 ± 4.2 nm to 76 ± 10.6 nm. In particular, ZnO NPs greatly aggregated as well, although individual particles with a nearly spherical shape were also observed. The size of the aggregated ZnO NPs was 100 nm. The NPs showed a high level of aggregation despite being smaller in size than the MPs. The sizes of the CuO and ZnO MPs were found to range from 1.2 ± 0.1 to 3.5 ± 0.4 mm.
Negative Effects on Soil Enzyme Activities
To compare toxicities between different particle sizes, the enzyme activities of dehydrogenase, phosphatase, and β-glucosidases in soil treated with metal oxide MPs and NPs were measured (Fig. 2) . The activities of the enzymes was decreased in response to all treatments as compared with the control. The largest reductions in dehydrogenase, acid phosphatase, and β-glucosidases were observed in response to CuO NP treatment. Relative to the controls, dehydrogenase activity in the CuO NPs, ZnO MPs, and ZnO NPs treatment groups decreased 62%, 52%, and 12.5%, respectively ( Fig. 2A) . Similarly, the acid phosphatase activity was 20% that of the control at 1,000 mg/kg of CuO NPs (Fig. 2B) . The effects on β-glucosidase were similar in response to treatment with Cu MPs, ZnO MPs, and ZnO NPs, whereas the greatest reduction in β-glucosidase was observed in response to CuO NPs treatment (Fig. 2C) .
Carbon Substrate Utilization Patterns
The AWCD value was the lowest in the CuO NPcontaminated soil. PCA demonstrated that there were significant differences in the carbon substrate utilization patterns of bacterial communities between different treatments (P < 0.001) (Fig. 3) . Soil samples separated along the first principal component (PC1) axis. PCA analysis of the substance patterns showed that the effects of the ZnO MPs and NPs were distributed along PC1 (66.4%). Soil was separated from the particles upon CuO treatment and ZnO treatment. Therefore, the substance patterns were more dependent upon metal type than size.
Plant Biomass and Bioaccumulation
The phytotoxic effect of NPs on dicots (C. sativus) and monocots (Z. mays) was greater than that of MPs ( Table 1 ). The biomass of C. sativus was reduced to a greater extent than was the biomass of Z. mays. The biomass levels of C. sativus were 52% and 44% that of the control at 1,000 mg/kg of CuO MPs and CuO NPs, respectively. Similarly, the biomass levels of C. sativus were 54% and 44% that of the control at 1,000 mg/kg of ZnO MPs and ZnO NPs, respectively. Physiological toxic symptoms were more severe owing to NPs than to MPs, although there was no significant difference between the metals. The shoots became yellow in the presence of NPs. In particular, the roots were shortened and damaged in plants exposed to the 1,000 mg/kg CuO NP and ZnO NP treatments. The plant species had a greater effect on metal concentrations than did metal particle size. Between C. sativus and Z. mays, the accumulation of Cu and Zn by C. sativus was noticeable, and an increase in root uptake of C. sativus was observed in response to treatment with metal oxide NPs as compared with MPs (Figs. 4A, 4B ). In addition, the accumulation of Zn in the shoot of C. sativus under NP treatment was 4 times higher than that in the shoots of C. sativus with MP treatment. However, there was no significant difference in Cu and Zn contents of the root between MP and NP treatments in Z. mays. Fig. 5 shows the difference between metal species and plant species with regard to the ratio of bioaccumulation factors (BAF)-in-shoot to BAF-in-root (BAF -shoot /BAF -root ), which is a measure of the amount of metal that was transported. The ratio of BAF-Cu of C. sativus was much higher in the case of treatment with MPs than with NPs. However, the ratio of BAF-Zn of C. sativus was much lower in the case of treatment with MPs than with NPs. Therefore, the transport of Zn in C. sativus was higher for NPs and transport of Cu in C. sativus was higher for MPs. In addition, in Z. mays, the ratio of BAF-Zn was higher than that of BAF-Cu, although there was no difference in the transport of Cu and Zn in Z. mays between the MP and NP treatments.
Discussion
We examined the impacts of metal oxide NPs and MPs, and compared the toxicities of metal oxide particles of different sizes in the soil microcosm. We hypothesized that NPs would be more toxic to both soil microbial activity and to plants. Assessment of the enzyme activity of dehydrogenase, an indicator of the oxidase capacity of soil microorganisms, was highly sensitive to both CuO and ZnO NPs. Our Table 1 . Seedling biomass (fresh weight, g) of plants exposed to 1,000 mg/kg of CuO and ZnO particles. results showed that CuO NPs exhibit the highest toxicity to microbial activities except that of dehydrogenase, although ZnO does not exhibit differences in toxicity between MPs and NPs. The results of the Biolog test were also not significantly different between ZnO NPs and ZnO MPs, although C-sources decreased significantly upon treatment with CuO NPs. Therefore, microbes can be more negatively affected by CuO than by ZnO in the soil microcosm. One reason for the high toxicity of CuO NPs may be that smaller particle sizes can be more toxic. As shown Fig. 1 , CuO NPs were smaller than other particles. Generally, NPs with their high surface/volume ratio are highly reactive and increase catalytic properties, which increases their potential to become toxic compared with their bulk counterparts [20] . Tourinho et al. [30] reported that the size distribution of aggregates may vary among particle types. TiO 2 NPs showed a uniform distribution and agglomeration [6] , but ZnO NPs showed a wide distribution size and aggregation [22] . Another reason for these results might be the fact that CuO NPs are remarkably more soluble than micro-sized CuO particles. In this study, soil containing CuO NPs showed a reduction in total metals when compared with soil that did not contaminate CuO MPs without plants. Otherwise, Zn concentration is not different between ZnO NPs and ZnO MPs without plants. NPs treatment of the soil with C. sativus also reduced total Cu levels by 21%. This finding is consistent with the results of Aruoja et al. [2] that toxic effects of CuO NPs to algae were due to bioavailable Cu ions. Mortimer et al. [18] showed that CuO NPs were more readily taken up by microbial cells than were CuO MPs, and thereby, the former were more rapidly removed from the soil medium, resulting in less metal oxide in the surrounding medium that must be solubilized. Kasemets et al. [8] reported that the elevated toxicity of CuO particles could be due to their increased solubility. However, ZnO does not exhibit differences in toxic effects on microbial activity and AWCD between MPs and NPs (except dehydrogenase activity). As shown Fig. 1 , ZnO NPs showed aggregation, and the particle size affected the results of PCA. The PCA results in this study indicate that the microbial community structure of each soil sample was grouped by a metal type effect (Fig. 3) .
Plant growth was affected by both CuO and ZnO, and NPs were more toxic than MPs. Plant biomass was significantly decreased by NP treatment. CuO and ZnO NPs had a significant effect on biomass, consistent with the results of our previous studies [10] . Several hydroponic system studies have reported the toxicities of different particle sizes. We measured the dose-response curves of CuO and ZnO NPs to C. sativus biomass in a hydroponic system [10] . Metal oxide NPs were toxic to C. sativus even at very low concentrations. The IC 50 values of CuO NPs and ZnO NPs were 376 mg/L and 629 mg/L, respectively.
The bioavailability and uptake of Cu and Zn NPs were species-dependent. In the soil ecosystem, most of these studies have investigated the effect of NPs on the very early growth stages of plants. The results from these studies indicate that plant species and NP size influence uptake, transport, and toxicity. Shah and Belozerova [23] reported that all NPs (Au, Si, Cu NPs) influenced the growth of lettuce seed, as measured through the shoot/ root ratio of the germinated plants. Information on NP uptake by plants or on the effects of transpiration is rather limited. Using metal and metal oxide NPs (e.g., Ag and ZnO) as examples, many plants can readily dissolve and release metal ions (e.g., Ag
2+ , Zn 2+ ) under different exposure conditions, thereby generating different starting points for attempting to understand the uptake and translocation of these NPs [16, 23, 32] . Plants can take up metal and are used to clean contaminated soil. Plant species are judged as being suitable for phytoremediation based on several criteria, including wide distribution, high aboveground biomass, and high BAF [25] . In this study, the accumulation of Cu and Zn in the roots of C. sativus (dicot) was higher than in the roots of Z. mays (monocot). Dicot plants show more efficient removal rates for Zn and Cu than do monocots. The bioavailability of metal for uptake by plant roots depended on the root morphology [1] . It is unclear why planting dicots would lead to better removal of metals than monocots. The answer may lie in the differences in morphology and exudation of organic compounds. Root exudates of C. sativus can easily change the metal fraction in soil. Generally, root exudates can help accumulate metal by plants; monocot root systems are fibrous and/or adventitious, and numerous roots develop from the stem, generating a high root density [9] . Dicots possess a tap root system. Their primary root grows vertically down into the substrate, and lateral roots grow at acute angles outwards and downwards. Monocot root systems offer more surface area, and therefore more habitats for microorganisms, than do dicots. Therefore, NPs easily adhere to the monocot root surface, rendering it difficult to accumulate metal particles. On the other hand, it is easy to move metal in dicots because of their single roots in NP-contaminated soil. In this study, NPs adhered to a great extent to the root surface, and bioavailable Zn was not easily taken up. Das et al. [3] reported that plants with numerous thin roots accumulate more metals than do those with a few thick roots. C. sativus has numerous thin and long roots attached to the main roots, whereas Z. mays only has thick main roots. These findings are similar to those of An [1] , who reported that uptake in C. sativus was higher than in sorghum, which contains one main root. Therefore, bioavailable Cu, which is the amount of Cu available for roots to take up, was higher for CuO NP treatments in C. sativus owing to its root morphology. In C. sativus, metal accumulation was significantly different with different particle sizes. As shown in Fig. 3 , the amount of Cu absorbed by the roots of C. sativus was significantly increased by metal oxide NP treatment as compared with MP treatment. However, the roots of C. sativus transported lower levels of the absorbed Cu-NPs than Zn-NPs to the shoots. Moreover, the BAF values of C. sativus from ZnO NPs were higher than those from ZnO MPs. The BAF values indicate the bioavailability and the rate of translocation of the metal from the roots to the shoots. Similar results have been observed in studies conducted to evaluate the uptake of buckwheat in ZnO MP and NP treatments. The BAF was higher for ZnO NPs than for ZnO MPs at all treatment concentrations [14] . NPs can adhere to the surfaces of root cells or enter the root cell membrane, depending on the type of metal, the uptake of ions, particle aggregation, the presence of hydrophobic NPs, and plant species [16] . In this study, metal accumulation by C. sativus was the highest in NP-treated soil. Therefore, C. sativus can be used as a good indicator plant species in an NP-polluted environment. The literature regarding the accumulation of NPs is very limited, so the present result should provide useful information in predicting the bioaccumulation of NPs [15] .
This study was carried out to compare the toxicity of nano-and micrometer particles with CuO and ZnO on soil microbial activity, microbial community, biomass, and accumulation in plants. We investigated the effects on enzyme activities, soil substrate utilization patterns, plant biomass, and bioaccumulation. NPs were more toxic to both soil microbial activity and plants. Specifically, CuO NPs were more toxic to soil microbial activity and the soil community. The biomass values of C. sativus and Z. mays seedlings were more significantly reduced in response to NPs than to MPs. In addition, the accumulation of metal by C. sativus was noticeable. Therefore, C. sativus is a potentially harmful crop owing to bioaccumulation into the food chain, although it is a good indicator plant species in an NP-polluted soil environment. This work is the first study to evaluate the microbial toxicity and phytotoxicity of NPs in the soil ecosystem. NPs are clearly toxic for the soil ecosystem. However, further research is needed to better understand the ecological effects of NPs and to determine whether exposure of agricultural soil to various NPs has any long-or short-term effects on the natural environment.
